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We construct all SUl{S) x 5[/_r(3) chirally invariant anomalous magnetic, i.e. involving a Pauli 
tensor and one-derivative, interactions of one chiral-[(8, 1) © (1, 8)] meson field with chiral-[(6, 3) © 
(3, 6)], [(3, 3) © (3, 3)], and [(8, 1) © (1, 8)] baryon fields and their "mirror" images. We find strong 
chiral selection rules: e.g. there is only one off-diagonal chirally symmetric anomalous magnetic 
interaction between J = | fields belonging to the [(6,3) © (3,6)] and the [(3,3) ffi (3,3)] chiral 
multiplets. We also study the chiral selection rules for the anomalous magnetic interactions of the 
[(3, 3) © (3, 3)] and the [(8, 1) © (1, 8)] baryon fields. Again, no diagonal and only one off-diagonal 
chiral SUl{3) x SUr(3) interaction of this type is allowed, that turns out also to conserve the (7^(1) 
symmetry. We calculate the F/ D ratios for the baryons' anomalous magnetic moments predicted by 
these interactions in the SU{3) symmetry limit and find that only the [(6, 3) © (3, 6)]- [(3, 3) © (3, 3)] 
one, reproduces F/D— 1/3, in close proximity to the value extracted from experiment. 
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I. INTRODUCTION 



Our basic assumption is that baryons are linear combinations of three basic chiral representations 
([(6,3) ® (3,6)1 [(3,3) e (3, and 3)], [(8, 1) (1,8)] [29]) formed by three-quark interpolating fields. 
Recent studies [l|, l2| point towards baryon chiral mixing of [(6, 3) © (3, 6)] with either [(3, 3) © (3, 3)], or 
[(8, 1) © (1, 8)] chiral multiplets as a possible mechanism underlying the baryons' axial couplings. This 
finding is in line with the old current algebra results of Gerstein and Lee H, 0| and of Harari 
updated to include the (most recent) F and D values extracted from experiment Ref. Q, and extended 
to include the flavor-singlet coupling g^'' of the nucleon [^Q, that was not considered in the mid-1960's 
at all, presumably due to the lack of data. Our own starting point were the QCD interpolating fields' 
C/a(1) chiral properties 10- 12|. In Ref. [l^j it has been shown that both the Gerstein-Lee 0,3 and the 
Harari [i], 0|) scenario survive in chiral Lagrangian models that constrain the baryon masses. 

Having thus made the first step, viz. to reproduce the phenomenological mixing starting from a chiral 
effective model interaction, we turn to the next step, which is to look for chirally symmetric dynamics 
that produce anomalous magnetic moments. One such mechanism is the simplest chirally symmetric 
one- derivative one-(p, a)-meson interaction Lagrangian; one-derivative because only thus can one couple 
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the baryon magnetic moment (the Pauh current) to the p-field. Here we study vector meson couphngs 
because photon couphngs follow them under the vector meson dominance (VMD) hypothesis which has 
been shown to work in the low energy region. We note, however, that the VMD hypothesis is merely a 
convenient, but not necessary device, as Gerstein and Lee 0] have shown that the anomalous magnetic 
moments of the nucleons can be obtained using the current algebra, under the assumption that the photon 
transforms as a member of the (broken chiral symmetry) [(8,1) ® (1,8)] multiplet, which amounts to 
VMD hypothesis with vector mesons belonging to the [(8, 1) ® (1,8)] chiral representation. 

In this paper we construct all SUl(3) x SUe.(3) chirally invariant one-derivative one-vector-meson- 
baryon interactions and then use them to calculate the baryons' magnetic moments. We derive the 
non-derivative Dirac terms, as well. Another, perhaps equally important and difficult problem, viz. that 
of the flavor-singlet anomalous magnetic moment of the nucleon, is also addressed. Thus our present 
paper serves to provide a dynamical model of chiral mixing that is an optimal approximation to the 
phenomenological solution of both the {F, D) and the flavor-singlet axial couplings, and of the anomalous 
magnetic moments. 

In our previous publication 13[ we found two solutions that flt the axial coupling data j3Q] : one that 
conserves the Ua{^) symmetry (the Harari scenario) and another one that does not (the Gerstein-Lee 
scenario). Here we show that only the former scenario leads to nucleon anomalous magnetic moments 
that are in agreement with experiment extrapolated to the SU{Z) symmetry limit. The latter ("Gerstein- 
Lee") scenario requires vanishing nucleon anomalous magnetic moments, in serious disagreement with 
experimental result extrapolated to the SU{3) symmetry limit. 

Here we have, for the sake of clarity, temporarily ignored the chiral mixing in the vector meson sector 
(that must violate the C/4(l)-symmetry, see Ref. ij]). This does not affect the validity of our conclusions, 
as in Sect. IIII Al we show that the chiral interactions of vector mesons belonging to the [(3, 3) ® (3, 3)] 
chiral multiplet with the above baryon flelds lead to phenomenologically incorrect values of the anomalous 
magnetic moment F/D. We also emphasize the fact that our results ("selection rules") hold for arbitrary 
chiral mixing angles, thus making the renormalization of axial couplings due to the axial-vector mesons 
irelevant for this purpose. 

All this goes to show that the "QCD [/yi(l) anomaly" probably does not play a role in the "nucleon spin 
problem" [8|, |9|] , as was once widely thought Rather, in all likelihood the C/a(1) anomaly provides 
only a (relatively) small part of the solution, associated with the higher Fock space components, whereas 
the largest part comes from the [/4(l)-symmetric chiral structure of the nucleon. 

In this paper we use the baryon interpolating fields to construct chirally invariant interactions. These 
fields have been often used in the QCD sum rule analyses 19l421| and Lattice QCD calculations 22 1. 
Most of QCD sum rule studies used the "loffe current" which leads to baryon masses consistent with 
those of the ground state baryons. In particular, Espriu, Pascual and Tarrach, Ref. 2l| have studied 
the dependence on the field mixing parameter t of local intepolating operators and found an optimal 
value around i ~ — 1, which corresponds to the "loffe current". The loffe interpolating field is the same 
as 7V_ in our notation, which belongs to the [(3,3) © (3,3)] chiral representation 23|. This is the only 
local interpolating field that appears in our chiral admixture results, which is consistent with the optimal 
choice in the QCD sum rule analyses. 

This paper consists of four parts: after the present section as introduction, in Sect.|ll]we construct the 
S'[/l(3) X SUr{3) chirally invariant interactions of non-derivative Dirac type. In Sect. HIT] we apply chiral 
mixing formalism to the hyperons' vector-current form factors. Finally, in Sect. ITVl we discuss the results 
and present a summary and an outlook on the future developments. 



3 



II. NON-DERIVATIVE DIRAC TYPE INTERACTION 



In this section we propose a method for the construction of Nf—3 chiral invariant vector meson-baryon 
interactions with [(8,1) © (1,8)] meson fields. Both the diagonal and off-diagonal terms are possible, 
which we shall study in the following. 



We have classified the baryon interpolating fields in our previous paper 10| . Our conventions for them 
[l|, [ij] . Next we shall briefly define the conventions for the vector and axial- vector 



are the same as in Refs 
mesons. 



A. Preliminaries: Chiral Transformations of Vector and Axial-vector Mesons 

We define the vector and axial-vector mesons in the SU{3) space: 



(1) 



where the index a goes from I to 8. They belong to the chiral representation (8, 1) © (1, 8). Their linear 



combinations, M, 



and M, 



7oAf+''7o = p'Ij^ — 750-1^, are the right-handed spin-one- 



meson vector current and the left-handed vector current, respectively. They transform as (8,1) 
and (1, 8) © (8, 1), respectively: 



To proceed our calculations sometimes we use the "physical" basis, whose definitions are: 
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We can define another type of (8, 1) © (1, 8) chiral representation: = pj'j 
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(3) 



vector meson, and i: 



as the left-handed vector meson. They transform as 

^5^1 = b^fabcRI , 
'''' - -b^'fabcK. 



as the right-handed 
(4) 



We can use these two fields to write interactions that can be used in other calculations. We note here 
that these two fields contain both the positive - and the negative parity components, however. 



B. Diagonal Interactions 

1. Chiral [(6, 3) © (3, 6)] Baryons Diagonal Interactions 



To start with, it is useful to look at the chiral group structure of the vector meson-baryon interaction 
NMN' , where N and N' denote two baryon fields and M denotes the vector meson fields with the 
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Lorentz index fi contracted either with the Dirac matrix 7^ or with the PauU tensor a^'^. 

The Dirac current N"f^N contains two gamma matrices, 7^ and 70, the latter of which comes from the 
Dirac conjugate of the baryon field. Therefore, it is diagonal in the chiral base, in other words, it takes 
the form: 

NMN' - NlMN'l + NrMN'j^ (5) 
~ {NlMlN'j^ + NrMrN'j,) and {NlM^^'^'^N'^ + NrM^^'^'^N'^) , 

when decomposed into the left and right helicity components. Then the diagonal interaction has the 
structure in group representation notation 

NLi6, 3) X Ml{8, 1) X Nl{6, 3) + Nr{3, 6) x Mr{1, 8) x Nr{3, 6) , 

and 

Nl{Q, 3) X M^^"^ (1, 8) x Nl{6, 3) + ^¥^(3, 6) x M^^"\8, 1) x Nr{3, 6) . 

where in the second structure the mirror field M^™l^^ transforms as Mr^l. 
In the first term the product N^MlNl is decomposed as 

(6, 3) ® (8, 1) ® (6, 3) ~ [(6, 3) ® (6, 3)] ® (8, 1) 3 (8, 1) ® (8, 1) 3 (1, 1) , (6) 

and the one of NlM^^^^'^Nl is decomposed as 

(6, 3) ® (1, 8) ® (6, 3) - [(6, 3) ® (6, 3)] ® (1, 8) 3 (1, 8) ® (1, 8) 3 (1, 1) . (7) 

Therefore, there are two chiral invariant combinations for the left chirality. The situation is the same 
for the right chirality. We also do this for other diagonal and off-diagonal interactions in the following 
subsections. 

Now we shall construct their explicit forms as 

and/or 

where the indices a and b rim from 1 to 18, and the index c just runs from 1 to 8. By applying the chiral 
transformation to this Lagrangian and demanding that this variation vanishes, we obtain hundreds of 
equations, such as 

^1{nU)i''m;nI,^ci%) = ( - c]^l - ^c;i^3°-^ + '-^cl^i/)pM)rMi,p (8) 

+ ••• 

= 0. 

Solving these equations together with the hermiticity condition, we find that there are two solutions: 
1. One solution can be written out using A^^g^ in the following form (-^(i8)7''-^^-^('i8)^°i8))- 

= 5fi8)^fi8)7^(p^ + l5al,){Al,,^)abN'^,s) , (9) 
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where 5(^8) is the couphng constant, and the solution is 

(V3t\C I 5 T?C r-pc \ /q 

2 ^(8) + 2V3^ (8) -^(8/10) \^yji(-yc , -pc \ (.r.-. 

rptc 2 -pc - ^1^(18) +*(18)j • UtJj 
-^(8/10) v^*(10)/ 

The chiral group structure for this interaction is shown in Eq. ([6]). The matrices V^^g^ and F^ig) 
has been defined by 

V'^ -/^^(8) ^ 1 F'^ -( ^(8) + 5^(8) 73 '^(8/10) \ 

^(18)- F'^ ' (18)- ^T'^'^ IF'^ ^ ' 

\ ^(10)/ V V3 (8/10) 3^(10) / 



with D^=g.,F?g.,T= /^gs given in Ref. [l| 



2. The other solution can be written out using B^g> in the following form (A^|-°g^7^M/f^' Af?j^g>C?-['g-,) 



(8)'-^ (8)' -^(8/10) 

"-^^ ^ T5(,g) 111 .lie luiiuwiiig luiiii V^V(,gyr i..^ -(18)^(18)^ 

'Cfig) = 5fi8)^ri8)7^(p^ - 75a^^)(B^ig)),,7V(\g) , (12) 
where ^^g-j is the couphng constant, and the solution is 

-^(8/10) V3 m / 

The chiral group structure for this interaction is shown in Eq. ([?])• 
Besides the Lagrangians ^ and (IT^ . their mirror parts 

5fl8m)^(18m)7''(P^ " TsA^^) (A(i8) )a6 A^fig^) , and ff(^8m)^('l8m)7^(pji + 750^^ ) (B (i8) )a6A^('i8m) > 

are also chiral invariant. Using these solutions, and performing the chiral transformation, we can obtain 
the following relations: 

-F^8)A(18) + A^18)F(18) + */a6cA^,g) = , (14) 
-■F"l8)^(18) + ^(18)F"i8) ^ ifabc'B'j^is) = . 

Note that the generators F^j^g^ in Eq. (|lll) are hermitian matrices, i.e., F^lg) ~ "^"is)' Therefore, Eqs. ([14)) 
turn into the familiar SU{3) x SU{3) Lie algebra commutators that have already been proven in Ref. [1|. 
This confirms the consistency of our present calculation with that in Ref. [l[, as expected. 

The solution in the physical basis i^^-^^-^j^ M^N^^^^C'^'^^-^) can be obtained by the following relations: 

*-^(18) — l^(18)Mfc 7 *-^(18) — {■^{lS))ab, 

^ bl b2 1 * 61 62 2 

~(^(1S) + C"i8)) = (A(i8))afc I ^(-^as) + ^tl8}) ^ (A(i8))a6 , (15) 
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/^a64 I {-iabb \ / A 4 \ ^ / r-iabi , |^a65 \ /' A ^ ^ 

l'-^(18) + '-^(18)J — \-^{18})ab , ^^"'-^(IS) + ^{18}) — 1-^(18)^6 ' 
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y|l*-^(18) + '-^(18)J - \-^(18))ab , ■^'■^ (18) + '^^(18)7 " 1^(18)^6 ' 

Another strategy for finding the two chiral interactions ( "solutions" ) , is to study the two parity- violating 
baryon currents interacting with the left- and right-handed vector mesons and then to combine them to 
obtain the parity conserving and parity violating Lagrangians. The explicit forms of interactions that we 
obtained by using this strategy appear to be the most convenient ones for practical use. 

To get the first solution, we use the following right-handed and left-handed currents: 
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1. The right-handed current solution can be written in the following form: 

-^flS) = 5^8)-RmR-M18) = 5(^8) (^m + «lM)^a8)7'' (1^(18) )afc^('l8) ' (1^) 

where 5^g-) is the right-handed current coupling constant and we have used 

75D^8)-f(l + |75)F^8) 7S75T^8/10) \ 



and 



R(i8) - (V^i8) +75F(i8); - I ^^,Tt^ fl + i-T.^F 

\/3^^ (8/10) + 375J* (10) 



«-m(18) - ( J^IS) +-'m5(18) ) - ^(18)7 75 ^^t^ ( l < ^,]-pc ^^(18) 

^ ^ V \/3-^(8/10) ''S +75j*(io) / 



where 



Jm(18) = <i8)7^(V^18))a6iV('l8), (17) 
J^5(18) = ^^(18)7''75(F^i8))a6A^(\8)- 

2. The left-handed current solution can be written in the following form: 

■^^8) = 5fl8)-^ML^(18) = ff(18)(^li - »lM)^a8)7''(L(i8))Q6^('l8) , (18) 

where 5(i8) is the left-handed current coupling constant and we have used 

■ -75D?,, + (1-|75)F^,, -:^75T 



and 



TC - hjc ^ F'^ ^ - ' ' 3 '^^"(8) V3'5-"(8/10) 

1^(18) - 1^^(18) -75i^ (18) J - _^^,T^c (1 l^.Apc 

^ ^ V 73^5 -L (8/10) U 375;* (10) 



TC _ f|c TC - Tv"" -v^-v. ( '^(S) ''^ 75)F^8) 73 '^(8/1' 

1^m(18) - Hm(18) -•'m5(18) ) - -^^(18)7 75 ^^fc ( 1 _ ^.AP' 



(8) (8/10) j^b 

^^(18) 

73-^(8/10) V3 '5^^' (10)/^^ 



These two chiral interactions generally contain both the parity-violating and the parity-conserving parts. 
Their sum also contains both of these terms, unless 5(^i8) — ^9(is)' when it is either purely parity- 
conserving, in the case of plus sign, 



4l8) = 5fl^)^^^(18)[(P^-«J.)(Lri8)) + (^M+«y(R(18)). 

= 5fl8) [P"" ■ Jm(18) + ^1 ■ Jm5(18)] , (19) 

or purely parity- violating, in the case of the minus sign. 



^("18) 



4iI) = 5fiI)^iV(i8)[-(p^-aJ,)(LfJ)) + (p^ + ay(R|'J)) 



^("18) 



2 

9m [P'^ ■ Jm5(i8) + • J^(i8)] . (20) 



Thus we have obtained the first solution, Eq. (|Ti 

To get the second solution, we can simply multiply an extra 75 in front of R(ig-) and L(i8-) , and rewrite 
Eqs. (HH) and HID to be 

^[?8) = 9[lS)KK(lS) = 9[UpI + «JM)^(18)7^75(R(i8))a6<i8) , (21) 
-^(18) = 5(l'8)-^JiL^'=(lg) = 5(18)(Pm ~ "lM)^(18)7^75(L(18))afcA^(''l8) ■ 
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They are also chiral invariant. Similarly, we can use them to construct the parity-conserving and parity- 
violating parts: 



r'PC _ /PC 

'-{18) — 5(18) 
/PV _ „/PV 



■ ^^(18) + ^1 ' "^mscis) ' (22) 

nt^ ■ T -I- . T' 



-^(18) — 5(18) 

where 

J"(18) = ^(18)7''(F^i8))a6iV(\8), (23) 
J"5(18) = ^^(18)7''75(V^i8))a,7V(\8). 



Thus we have obtained the second solution, Eq. ([22|) . 

Using these solutions, and performing the chiral transformation, we can obtain the following relations: 

- fS8)75L^i8) + Lls)Ft,s)l5 - ^fabc^^s) = , (24) 

~^a8)75R-(18) + I^(18)^a8)75 + */a&cR-(i8) = • 

We can check the equivalence of these two sets of solutions, and verify the following relations: 



rPC ^ rA rB 

' -{18) _ 1 ^ ^^(18) ^(18) 



5(18) V o i/(ig) C/(i8) 

^(18) ^ 1 ( '-{18) '-{18) \ 
5(18) V3^ff(i8) 5(18)^ 



(25) 



2. Chiral [(3, 3) ffi (3, 3)] Baryons Diagonal Interactions 

The product of the first term inside the structure [N j^N -+ NrMj^Nji) is decomposed as 

(3, 3) ® (8, 1) (g) (3, 3) - [(3, 3) ® (3, 3)] (g) (8, 1) 3 (8, 1) (g) (8, 1) 3 (1, 1) , (26) 

while the one of {NlM^"'"^Nl + NrM^^''"^Nr) is decomposed as 

(3, 3) ® (1, 8) (g) (3, 3) - [(3, 3) ® (3, 3)] (g) (1, 8) 3 (1, 8) (g (1, 8) 3 (1, 1) . (27) 

Therefore, there are two chiral invariant combinations. Consequently, following the same procedures as 
in the previous section, we find that there are two solutions: 

1. One solution can be written out using A^g-j in the following form (7V^° ^7''M^A^^^g^C^gp: 

4) = 5f9)^("9)7^(p,', + 75«J^)(A^g)),b7V(''g) , (28) 

where the solution is 

A(9) = ( ^Tt^ il^ iF= ) - l^^h) + F(9)) • (29) 

V 76-^(1/8) 2^(8) + 2^(8) / ^ 

The chiral group structure for this interaction is shown in Eq. ([25)) . The matrices F^g^ have been 
defined in Eq. ([30]) and 
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2. The other solution can be written out using B?g^ in the following form (iV?gs7''A4'""''''iVLC?g^=): 



where the solution is 
B 



(9) 



,(g) 111 UllC 11.111. VV 1115 IWllll ^^V(g-| 

-Cfg) = 919)^^9)1" (P^^. - 75aJ^)(B^g)).b7Vfg) , 
V V6-^(l/8) 2^(8) 2* (8) / ^ 



(31) 



(32) 



The chiral group structure of this interaction is shown in Eq. 1^7^. 
Besides the Lagrangians (p8)) and (|3ip . their mirror parts 

9t9m)N^9m)l''{pl " 75a^p)(A^g))abiV('9„) , and fffg^) A^f9™)7''(p;i + 75a?p)(B^g))abiVf9„) , 

are also chiral invariant. Using these solutions, and performing the chiral transformation, we can obtain 
the following relations: 



"^("9)^(9) + ^(9)Ff9) + «/a6cA(g) - , 
"^CT^CT + ^(9)F^9) - «/afccB(g) = . 



(33) 



Note that the generators F^g^ defined in Ref. H] are hermitian matrices, i.e., F^g^ = F^gy Therefore, 



(9) 



(9)- 



(l33l) turn into the familiar SU{3) x SU{3) Lie commutators that have already been proven in Ref. []|. 
This, once again, proves the consistency of our present calculation with that in Ref. [Ij. 

We can use the other strategy which has been discussed in the previous section to obtain these two 
interactions. One solution is 



= Sfg? [P*" • Jm(9) + • Ja'5(9)] 



where 



•^m(9) 

V5(9) 



= ^(9)7^(V|=g)).6iVf9), 



(34) 
(35) 



and the other solution is (similarly obtained by adding an extra 75): 

•'-(g) — 9(9) [P •'^(9)+^l •'^5(9) 

where 



T/C 

•J^(9) 



^(9)7^(F^9)).biVfg), 
J"5(9) = ^(9)7^75(V^g)),,7Vfg) 

The relevant purely parity-violating partners are 

rPV _ „PV r„M T 

P^-j;.5(g) 



■1 ■ Jm(9)] 



(36) 



(37) 



(38) 



J-i9) 



?(9) 



• T' 



(9) 



We can check the equivalence of these two sets of solutions, and verify the following relations: 



rPC 
1(9). 

PC 

5(g) 

'^(9) 
/PC 
5(9) 



'-{9} 



9{9) 9(9) 



(39) 



^(9) 



5(9) 9(i) 
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3. Chiral [(8, 1) ® (1,8)] Baryons Diagonal Interactions 

The product of the first term inside the structure {N^MlNl + NnM^jNn) is decomposed as 

(8, 1) ® (8, 1) ® (8, 1) 3 [(8, 1) e (8, 1)] ® (8, 1) 3 (1, 1) ® (1, 1) , (40) 

Therefore, there are two chiral invariant combinations. Consequently, following the same procedure as 
in the previous section(s), we find that there are two solutions. They can be written out using F^g^ and 
D^g^ in the following form (iV('^g)7'^M;;iV['g^C^g^p: 

^fs) = 5f8)A^(8)7^(p^ + 75«5^)(F^g)).,Ar^^g) , (41) 
/:fg) ^ 5f8)^(8)7^(p^ + 75«J^)(D^g))a,iVfg) . (42) 

The chiral group structure for these two interactions is just shown in Eq. (j40p . 
Besides the Lagrangians (|4T|) and (|42p . their mirror parts 

9iS.r)N^Brn)riP';. ~ 75^?^) (F^g) )a6 A^fs™, , and gfsm)N^Sn.)rip'', ~ 750^^) (D^g) ),,iV(^g,„) , 

are also chiral invariant. Using these solutions, and performing the chiral transformation, we can obtain 
the following relations: 

-Ff8\F?8) + F?8)Ff8) + */a6cF?g, = , (43) 



(8)^ (8) ^ ^ (8)^ (8) ^ i-Jabcr (gj 

-F"g^^D(g) + F)(g)F('8) + ifabJ^la) = . 

Note that the generators F°g^ defined in Ref. l| are hermitian matrices, i.e., F^J^ — F^g^. Therefore, Eos. 
(|43| turn into the familiar SU{Z) x 5t/(3) Lie commutators that have already been proven in Ref. hi. 
This, once again, proves the consistency of our present calculation with that in Ref. [ij. 

We can use the other strategy which has been discussed in the previous section(s) to obtain these two 
interactions. One solution is 

^\^) = 9m [P"" ■ Jm(8) + < ■ Jp5(8)] , (44) 

where 

Jm(8) = iV(g)7^(F^g)),,iV['g), (45) 

Jm5(8) = ^(8)7^75(F^g)).,iV(''g), 



Here, we might think that the other solution can be obtained similarly by adding an extra 75 which we 
have done in the previous section(s). However, we find that the solution obtained in this way is same as 
the original solution. Therefore, in order to get the second solution we need to find another difl^erent set 



of Jm(8) ^^'^ "^m5(8)- 



and the second solution is: 



J"(8) = <8)7^(D^8))a&^(8) , (46) 

J"5(8) = iV°g)7^75(D^g))afc7Vfg), 

p^•J;,(g)+a^J;5(gJ . (47) 



£/PC _ „/PC 



-(8) - 5(8) 

The relevant parity-violating partners are 

^8) = <?f8T[p^-J.5(8)+arJM8)] , (48) 

p'-Km)+<-Km\- (49) 



-^(8) - %) 
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(50) 



We can check the equivalence of these two sets of solutions, and verify the following relations: 

^(8) ^ ^(8) 

PC F ' 

ff(8) 5(8) 

rfPC rD 

3(8) 5(8) 

4- Chiral [(10, 1) ® (1, 10)] Baryons Diagonal Interactions 

The product of the first term inside the structure {N^MlNl + NuM^jNn) is decomposed as 

(10, 1) <E) (8, 1) (g) (10, 1) - [(10, 1) «) (10, 1)] ® (8, 1) 9 (8, 1) ® (8, 1) 3 (1, 1) , (51) 

Therefore, there is only one chiral invariant combination. Consequently, following the same procedure as 
in the previous section(s), we find that there is only one solution, which can be written out using F'^^iqj 



in the following form (AJ'^„.7''Af^A''^„.C5',^„M: 



£(10) = 5(10) Afio)7"(p^ + 75a5^)(F^io)),,A^io) . (52) 



The chiral group structure for these two interactions is just shown in Eq. (jSip . 
Besides the Lagrangian Eq. (j52p , its mirror part 

3(iom)A"io„)7''(p^ - 75aJ^)(F(io))af,A(io„) , 

is also chiral invariant. Using these solutions, and performing the chiral transformation, we can obtain 
the following relations: 

~ ^ao)^(lO) + F(io)F"lO) + */a6cF(io) = . (53) 

Note that the generators F'^iq) defined in Ref. [Ij are hermitian matrices, i.e., F'^Iq^ = I^('io)- Therefore, 
Eq. ([53]) turns into the familiar SU{3) x SU (3) Lie commutators that have already been proven in Ref. [l|. 
This, once again, proves the consistency of our present calculation with that in Ref. 1]. 

We can also use the other strategy which has been discussed in the previous section(s) to obtain this 
interaction: 

^fio) = 5fio) [P'' ■ Jmio) + ai' • Jp5(io)] , (54) 

where 

Ju(io) = Ko)7''(Ffio))a6A^(%), (55) 



V(io) - ^Mio) ' (10)^6^^(10) 

J,.5(10) = ^^(10)7^75(F^io))a6^(\o) • 

The relevant parity- violating partner is 

^fio) = 5fio) [p" ■ Jm5(io) + ^1 ■ Ja'(io)] ■ (56) 

C. Chiral Mixing Interactions 

To construct chiral invariant off-diagonal interactions, we need to consider the following off-diagonal 
terms in the chiral base, in other words, it can also take the form 

NMN' - NlMN'j^ + NrMN'l (57) 
= (NlMlN'j^ + NrMrN'l) + {NlMrN'r + NrMlK) , 
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when decomposed into the left and right components. However, to arrive at this form we need to use the 
mirror field iV'I""'! to have the correct hehcity structure: 

NlMN'p. + NrMN'^ ~ NlMN'I"""^ + NrMN'^"'"^ . (58) 

1. Chiral Mixing Interaction [(6, 3) (3, 6)] - [(3, 3) © (3, 3)] 

The product of the first term inside [NlMlN'I^^^^ + iVflM^iV^™"') is decomposed as 

(6, 3) ® (8, 1) (g) (3, 3) - [(6, 3) ® (3, 3)] ® (8, 1) 3 (8, 1) ® (8, 1) 9 (1, 1) , (59) 

Therefore, there is one chiral invariant combination, and we find that the mixing of [(6, 3) © (3, 6)] with 
[(3, 3)©(3, 3)][niir] baryon fields together with an [(8, 1)0(1, 8)] chiral multiplet of vector and axial-vector 
meson fields can form a chiral singlet. We find the following form of the chiral invariant interaction 

A^(9™)7^M;iV(''is)C^9^;is) + h.c. . (60) 

The coefficients C^g^j^g^ can be similarly obtained as in Eq. (|15p. and once again we find a parity-conserving 
interaction 

49/18) = Sfg/is) \Nl.n)r{pl + 75aJ^)(T^9/i8))a;,iV(\8) -f h.c] , (61) 

and a parity-violating partner 

"^(9^)7^75 (P^ + 75aJ^)(T^9/i8)).biVfi8) + h.c] , (62) 



/-PV _ PV 
''-(9/18) — 5(9/18) 



with 



-^(9/18) ^ I \/3 r,c _ 1 T^c 1 rpc ' y^-^) 

\ 2x/2^(8) 276^(8) ^/2-^(8/10)/ 

that satisfies the following relation: 

F"9)T(9/18) + T(g/i8)r°jg) + l/a6cT(g/i8) = . (64) 

2. Chiral Mixing Interaction [(10, 1) © (1, 10)] - [(8, 1) © (1, 8)] 

The product of the first term inside {NlMlNl + NrMrNr) is decomposed as 

(10, 1) ® (8, 1) ® (8, 1) - [(10, 1) ® (8, 1)] (g) (8, 1) 3 (8, 1) ® (8, 1) 3 (1, 1) , (65) 

Therefore, there is one chiral invariant combination, and we find that the mixing of [(10, 1)0 (1, 10)] with 
[(8, 1) © (1,8)] baryon fields together with an [(8, 1) © (1, 8)] chiral multiplet of vector and axial-vector 
meson fields can form a chiral singlet. We find the following form of the chiral invariant interaction 

]V(8)7^M;iV(%)Cf8^;i8) + h.c. . (66) 

The coefficients C°g^-^g^ can be similarly obtained as in Eq. (|15l) . and once again we find a parity-conserving 
interaction 



/-PC _ PC 

-^(8/18) — 5(8/18) 



^(8)7''(P,^. + 75a?^)(T^g/io)).,iV(%) + h.c. , (67) 
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and a parity- violating partner 



PV _ „PV 

(8/18) — 5(8/10) 



^^(8)7^5(P^ + 75a^^)(T^8/io)).,iV(%) + /^-c-] ■ (68) 

We find that the only solution is formed by the TJ^g^-^g^ matrices defined in Ref. [l| that satisfy the 
following relation: 

D. Brief Summary of the Dirac type Interactions 

Note that all of the diagonal Dirac type interactions that were shown here also appear in a local 
S'C/l(3) X SUfi{3) chiral symmetry Yang-Mills interaction. We have fomid more, however: there are 
chiral off-diagonal interaction terms that cannot be obtained by a minimal substitution in the kinetic 
energy, of the Yang-Mills type because per definitionem the kinetic energies are diagonal operators in 
the chiral representation space. These off-diagonal terms show up in the fiavor-decimet channel, and 
therefore are physically less accessible than the diagonal flavor-octet ones, which are easier to access by 
way of elastic scattering. Here, as well, there are strong chiral selection rules. 



TABLE I: Allowed chiral invariant Dirac type interaction terms with one (8,1) ffi (1,8) vector meson field 
N'y^ Mf_iN . In the first column we show the chiral representation of A^, and the first row the chiral represen- 
tation of N . We use "[mir]" to denote the relevant mirror fields. 





(8,1)0(1,8) 


(3,3)0(3,3) 


(6,3)0(3,6) 


(10,1)0(1,10) 


(8,1)0(1,8) 


2 xM^ 






M^ 


(3,3)0(3,3) 




M^, Ml 






(6,3)0(3,6) 






M^, Ml 




(10,1)0(1,10) 












(3,3)0(3,3) 


(6,3)0(3,6) 




(3,3) © (3, 3) [mir] 




M^ 


(3,6) © (6, 3) [mir] 


Ml 





III. ONE-DERIVATIVE PAULI TYPE INTERACTIONS 

Now let us look at one-derivative Pauli type interactions. They lead to the anomalous magnetic 
moments through vector meson dominance. The interaction terms take in general the following form: 

TVV^'-S.M^iV^C^be , (70) 

which has the helicity flip structure, i.e., N^ONr. Due to this structure, the chiral selection rules are 
far more restrictive than otherwise. As flrst noted by Dashen and Gell-Mann 16], all of the diagonal 
anomalous magnetic interactions must vanish due to such chiral symmetry restrictions. 

All of the off-diagonal anomalous magnetic interactions can be easily obtained from the off-diagonal 
and diagonal Dirac type ones in Sect. |n]in many cases by simply substituting one of the baryon flelds 
with its mirror one. Mixing of various combinations of chiral multiplets gives the following chiral invariant 
interactions: 
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1. For [(6, 3) ® (3, 6)] - [(3, 6) ® (6, 3)][jiiu.] the chiral invariant interactions are: 

(zM ) - 75«J^)(V^is) + r^ig))„,7V(\s,„) + h.c. , (71) 

(?M ) ^m^^^^M + 75«5^)(V^i8) - F^i8)).bA^(i8™) + h.c. . 

2. For [(3,3) ® (3,3)] - [(3,3) © (3,3)][mir] the chiral invariant interactions are: 

fS) ^(9)^^'^^-(P^ - 75aJ^)(V^9) + F^g)),,7Vf9„) + /i.e. , (72) 



+ 75«J^)(V^9) - F^9)),,7Vf9„) + /i.e. . 

3. For [(8, 1) © (1, 8)] - [(1, 8) © (8, l)][mir] the chiral invariant interactions are: 

( - l5'^'i,ms)UNtsm) + h.c. , (73) 

4. For [(10, 1) © (1, 10)] - [(1, 10) © (10, l)][mir] the chiral invariant interactions are: 

(?M ) ^(io)^'"'^-(/^M - l^'^l.mmU^Um) + h.c. . (74) 

5. For [(6, 3) © (3, 6)] - [(3, 3) © (3, 3)] the chiral invariant interactions are: 

(^1a?) ^(9)^^''5,(p^ + 75<J(T^9/18))a.A^(\8) + h.c. . (75) 

6. For [(8, 1) © (1,8)] - [(1, 10) © (10, l)][mir] the chiral invariant interactions are: 

( ^^^"^^^('^M - 75aJ,)(T^8/io))afc^(io™) + h.c. . (76) 

From the above summary of the interactions, we note that for the normal-normal (also known as the 
"naive- naive" ) combination, only [(6,3) © (3,6)] - [(3,3) © (3,3)] survives, whereas the naive-mirror 
one [(6, 3) © (3, 6)] - [(3, 3) © (3, 3)][mir] vanishes, which is a selection rule due to SU{i) x SU{?,) chiral 
symmetry. Furthermore, as the first mixing term preserves the UaO-) symmetry, while the second one 
does not, we are forced to conclude that the selection rule leads to the Harari scenario where the Ua{^) 
symmetry is maintained as the only viable one in this three-quark baryon field and no chiral mixing in 
vector mesons approximation, whereas the Gerstein-Lee one is effectively ruled out by the chiral selection 
rule [li]. 

In order to have a realistic anomalous magnetic moment it may be necessary to include the flavor- 
singlet, chiral-singlet vector meson cf)^. Once again, there are chiral selection rules that strongly prefer 
the Harari scenario. 
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TABLE II: Allowed chiral invariant Pauli type interaction terms with one (8,1) © (1,8) vector meson field 
Na'^'^ dvM^N . In the first column we show the chiral representation of N , and the first row the chiral represen- 
tation of N . We use "[mir]" to denote the relevant mirror fields. 





(8,1) ffi (1,8) 


(3, 3) ©(3, 3) 


(6, 3) ffi (3, 6) 


(10,1) ©(1,10) 


(l,8)ffi(8,l)[mir] 


2 xAfp 






M^ 


(3,3) ffi (3, 3) [mir] 




Mp, Ml 






(3,6) © (6, 3) [mir] 






M,„ Ml 




(1,10) ©(10,1) [mir] 








M^ 




(3, 3) ffi (3, 3) 


(6, 3) ©(3, 6) 






(3, 3) ffi (3, 3) 










(6, 3) ffi (3, 6) 


Ml 









A. The Anomalous Magnetic Moment Results: Comparison with Experiment in the SU(?i) 

Symmetry Limit 

Thus far we have studied the anomalous magnetic moments of baryon fields and found specific con- 
straints due to chiral symmetry. The basic quantity that we address is the D/F ratio for the baryon 
anomalous magnetic moments, whose "experimental value" has been extrapolated to D/F ~3 in the 
S'[/(3) symmetry limit. Note that that is precisely the value that shows up in the [(6, 3) ® (3, 6)] - 
[(3, 3) (3, 3)] baryon mixing interaction. Indeed, all of the other chiral interactions have a vanishing D 
components. 

Of course, it is not one, but a linear combination ("admixture") of three chiral representations that 
describe the physical baryon states, as explained in the Introduction and in Refs Q,fl0,E3 

where 

we found two candidate chiral mixing scenarios: a) the Harari one, i.e. [(6, 3) ® (3, 6)]- [(3, 3) ® (3, 3)]- 
[(3,3) © (3,3)]; and b) the Lee-Gerstein one, i.e. [(6,3) © (3, 6)]-[(8, 1) © (1, 8)]-[(3, 3) © (3,3)]. As 
the [(3, 3) © (3,3)] multiplet shows up only in the Harari scenario, this is a "smoking gun" evidence 
supporting it, and overturning the Gerstein-Lee one, subject to the no-chiral-mixing assumption in the 
vector meson sector. 

Next we may consider the chiral mixing for the [(8,1) © (1, 8)] vector mesons with the [(3, 3) © (3, 3)] 
component. One may use our old results, Refs. IJ, 14, 17 1, to do so and relax this last assumption: 
the [(3, 3) © (3, 3)] chiral component of the vector mesons couples magnetically to the baryons chiral 
niultiplets in exactly the same fashion as the spinless [(3, 3) © (3, 3)] mesons treated in Ref. [13[- So we 
may use Eq. (35) in Ref. [Til to read off the F and D values of the anomalous magnetic moments in 
such a scheme: they are F = 1 and L* = 0, thus leading to D/F = 0, again in stark contrast to the 
"experimental" value D/F ~3 in the SU{3) symmetry limit. This eliminates the chiral mixing of vector 
meson as a viable explanation of the baryons' magnetic moments. Indeed, it seems to imply certain limits 
on the amount of such chiral mixing, that will be explored elsewhere. 

Note that these results hold even in the chiral limit and have nothing to do with the value of the 
pion-nucleon E-term as suggested in Ref. Moreover, the chiral/fiavour-singlet vector meson field 

couples with arbitrary strength to baryons, which introduces arbitrary "strange" anomalous magnetic 
moment, again even in the chiral limit. 



IV. SUMMARY AND CONCLUSIONS 



We have used the results of our previous papers to construct the S'C/l(3) x SUii{3) chiral invariant 

interactions of baryon fields with vector mesons. This approach is based on the chiral [(6, 3) © (3, 6)] 
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multiplet mixing with the chiral [(3, 3) (3, 3)] and [(8, 1) ® (1, 8)] muhiplets and is constrained by the 
well known phenomenological facts regarding the baryon axial currents. 

The results of the three-field ("two-angle") mixing were ambiguous insofar as all phenomenologically 
permissible combinations of interpolating fields lead to the same F,D values, in reasonable agreement 
with the result extrapolated from experiment in the SU(3) symmetry limit. That led to two permissible 
scenarios: a) the Gerstein-Lee and b) the Harari scenario 0,0, neither of which could be eliminated 
on the basis of axial currents and baryon masses alone. 

What was left unfinished were the magnetic moments of the baryon octet. Here we attacked that prob- 
lem by first constructing all SUl(3) x SUii{3) chirally symmetric baryon-one- vector-meson interactions 
that mix the three basic baryon chiral multiplets (and their mirror counterparts). All of these chiral 
interactions obey the Ua{^) symmetry, as well. 

We used the resulting interactions' chiral selection rules to select the only scenario that can reproduce 
the observed anomalous magnetic moments: the Harari scenario. Moreover, the magnetic moment F/D ~ 
1/3 predicted by the chiral interaction, has the same value as in the SU {6ps) symmetry limit, or as in 
the non-relativistic quark model. This last fact is curious and requires further investigation. 

The next step, left for the future, is to investigate the SUl{3) x SUr{3) SUl{'2) x SUr{2) symmetry 
breaking and the study of the chiral SUl{'2) x SUr{2) properties of hyperons. Then one may consider 
explicit chiral symmetry breaking corrections to the axial and the vector currents, which are related to the 
5'C/l(3) X SUii{3) symmetry breaking meson-nucleon derivative interactions, not just the explicit SU(3) 
symmetry breaking ones that have been considered thus far (see Ref. 7] and the previous subsection, 
above). 

We finish on a historical note: even though chiral mixing has been known for more than 40 years 



24l427l|. the iS'J7l(3) x SUji{3) chiral interactions necessary to describe the anomalous magnetic moments 



have not been discussed in print, only the problems associated with them [28|. Moreover, it ought to be 
noted that Gerstein and Lee had calculated anomalous magnetic moments of the nucleons that were 
in agreement with experiment in their chiral mixing scheme. These authors apparently did not try to 
extend their scheme to hyperons, however, nor did they construct a chiral Lagrangian that reproduces 
such chiral mixing. 
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